SMOOTH MUSCLE MAY BE CLASSIFIED on embryologic, anatomic, physiologic, or molecular bases; given the great diversity in smooth muscle, all the classification schemes are imperfect, substantially underrepresenting this diversity, but serve as essential frameworks for the study of smooth muscle function within a given organ system. Perhaps the most useful classification scheme, and the one that will be used here due to the emphasis on smooth muscle function, is the dichotomy of phasic vs. tonic contracting smooth muscle. Phasic smooth muscle is characteristic of the gastrointestinal and urogenital systems and, as the name implies, displays rhythmic contractile activity. Tonic smooth muscle is characteristic of the large arteries and veins and is continuously contracted. Phasic and tonic smooth muscle each express a unique repertoire of contractile protein isoforms that are referred to as fast and slow isoforms, respectively, in analogy to the fast vs. slow dichotomy of striated muscle. Smooth muscles were originally classified as single unit vs. multiunit based on their innervation and evoked responses (127) . The phasic smooth muscles behave as unitary muscles with action potentials spreading from cell to cell, resulting in a coordinated phasic contraction, as for example in gut peristalsis. The phasic contractions may be initiated by pacemaker cells[interstitial cells of Cajal (ICCs)] residing within the tissue (185) , though this is controversial (see Ref. 70) . The tonic smooth muscle behaves as multiple independent units, or motor units, with graded changes in membrane potential of each unit, i.e., without propagation of action potentials, resulting in graded changes in force (tone). A somewhat different early classification of smooth muscle was based on force activation by electromechanical vs. pharmacomechanical coupling (200) . In electromechanical coupling force is activated by a change in membrane potential, while in pharmacomechanical coupling force is activated by receptor signaling, which may or may not include a change in membrane potential. As it is now clear that all smooth muscle may be activated by either mechanism this distinction is less useful for the understanding of phenotypic diversity but crucial in the study of smooth muscle function in situ.
The classification of smooth muscle into tonic vs. phasic subtypes is analogous to striated muscle fast vs. slow subtypes, but there are a number of key functional differences between these muscle types. The fastest smooth muscle has a maximum velocity of shortening that is still more than an order of magnitude slower than even slow striated muscle. Tonic smooth muscle has a force maintenance phase with very low energy expenditures, referred to as the "latch phase" based on analogy to catch muscles of invertebrates, e.g., the adductor muscles of bivalve mollusks (142) . While mature striated muscle is terminally differentiated with very limited proliferative potential, mature smooth muscle cells (SMCs) may un-dergo hyperplastic (or hypertrophic) growth in disease. The study of smooth muscle phenotype has been dominated by the control of vascular smooth muscle (VSM) proliferation and differentiation (reviewed in Ref. 160) , reflecting the epidemic of atherosclerosis in Western societies in which proliferation of large vessel smooth muscle plays a key pathogenic role.
VSM PHENOTYPIC DIVERSITY
Overview VSM may be classified 1) anatomically as arterial vs. venous vs. lymphatic, systemic vs. pulmonic, and macro-vs. microvascular; 2) based on its embryonic derivation from mesothelium, mesenchyme, neural crest, etc. (reviewed in Ref. 123); 3) based on its contractile properties as phasic vs. tonic. This review focuses on smooth muscle contractile diversity and its role in vascular function. Visceral smooth muscle is generally thought of as phasic, single unit and VSM as tonic, multiunit, yet there is considerable phenotypic diversity in smooth muscle of both the visceral (133, 206, 207) and vascular systems. It is interesting to note from a historical perspective that the original description of pharmacomechanical coupling eliciting action potentials and phasic contractile activity vs. electromechanical coupling with graded depolarizations and contractions relied solely on different (dog or rabbit) vascular preparations: mesenteric vein for the former and pulmonary artery and umbilical vein for the latter (200) . Portal venous smooth muscle is unique within the vascular system as a prototypical phasic smooth muscle exhibiting fast contraction and relaxation kinetics, spontaneous action potentials and phasic contractile activity, and expression of a pure fast gene program (6, 31, 141) . The portal vein (PV) may thus serve as a prototype for the study of specification of the phasic smooth muscle phenotype in the vascular system and its modulation in disease, the only caveat being the extent to which findings may be generalized to other vascular tissues. However, the role of the PV in the regulation of blood flow in the splanchnic circulation is uncertain, making it more difficult to hypothesize a relation between the smooth muscle phenotype and vascular function.
Due to the steep inverse relationship between vessel radius and vascular resistance (r 4 ) according to Poiseuille's Law, vascular function is determined, i.e., pressure and flow are predominately regulated, at the level of the small resistance arteries (SRAs, 50 -300 m diameter). It has been appreciated for many years that the SRAs do not simply represent smaller versions of the large arteries (25, 28, 47, 210) . To what extent the differences between the function of the large and small arteries are intrinsic to the smooth muscle has received limited investigation, no doubt reflecting the difficulty in isolating and characterizing small vessel smooth muscle. Small arteries in vivo exhibit a mixture of tonic contractions and phasic contractile activity termed vasomotion (reviewed in Refs. 72, 150, 166, 171) and conducted vasomotor responses (57). Vasomotion was first described 150 years ago in observations of veins of the bat wing, yet neither the mechanisms nor significance of vasomotion is understood today (reviewed in Ref. 150) . Consistent with the mixed contractile properties the microcirculatory smooth muscle expresses a mixture of fast and slow contractile protein isoforms (Table 1) . This review will focus on the role of this gene program in determining the unique functional properties of micro-VSM in the developing and mature organism and its modulation in disease contexts. The hypothesis will be developed that the expression of the fast gene program subserves the phasic contractile activity termed vasomotion.
Basal Contractile Apparatus
The interaction of myosin with actin is the primary determinant of force production in all muscle tissues (Fig. 1) . Isoforms of smooth muscle myosin heavy chain (MHC) (MYH11) are generated by alternative splicing of exons in the head (SM-A,B) and tail (SM1,2) of the motor protein (reviewed in Ref. 119) . The inclusion of a 21 nt alternative exon (E8) in the head of the myosin (SM-B) increases myosin ATPase activity several-fold correlating with several-fold higher maximum velocity of shortening of the phasic muscle (99) . The tonic smooth muscle of the large arteries and veins express almost exclusively the slow isoform of MHC (E8 skipped). The fast isoform of myosin heavy chain (E8 included, MHC-B) is expressed in the SRAs of the heart (234), lung (120) , muscular femoral artery (41), small mesenteric arteries (8) , and renal afferent but not efferent arteriole (168, 193) of rodents and rabbits. There is good correlation between increasing expression of the fast isoforms of myosin heavy (and light chains) in smaller arteries and faster rates of contraction (8, 41) . That expression of MHC A,B isoforms substantially determines velocity of shortening is suggested by genetic manipulation experiments. Forced expression of the SM-A isoform by germ-line inactivation of the alternative exon reduced the velocity of shortening of mesenteric artery and bladder by two-to threefold (7, 97) . However, the velocity of contraction of the renal afferent arteriole, which also normally expresses significant amounts of the fast isoform, was unaffected (168) . These disparate findings could reflect differences in how the muscle was activated, e.g., loaded vs. unloaded, in adaptations to the germ-line manipulation of the MHC gene, or to true differences in contractile performance between renal afferent arteriole and mesenteric arterial smooth muscle. Complete isoform substitutions as performed in striated muscle (105, 139 ) have yet to be accomplished in smooth muscle. The role of the expression of the fast isoform of MHC in the micro-VSM with respect to the regulation of blood flow is not known.
The expression of the MHC isoforms generated by alternative splicing of the alternative exon in the tail (SM1,2) is not tissue-specific and the functional significance uncertain, though their position in the myosin tail and preliminary experiments suggests that they may influence filament assembly (reviewed in Ref. 119 ). Ablation of SM2 through a similar exon inactivation approach also alters smooth muscle function and is lethal to the mouse but the molecular basis of these effects is not clear (27) . Fig. 1 . Control of gene expression, vascular smooth muscle contraction, and functional diversity. A: different sets of genes are transcribed in phasic vs. tonic smooth muscle. Genes are specifically transcribed in slow (striated) muscle under the control of nuclear factor of activated T cells (NFAT) and peroxisome-proliferatoractivated receptor (PPAR). Diversity is also generated by multiple transcription start sites within each gene. B: additional diversity is generated by the alternative splicing of exons (filled box); only one of many types of alternative splicing is shown. In limited studies TIA proteins are proposed to mediate slow splicing and Tra proteins fast splicing, while other factors that may play a role in tissue-specific splicing of exons have not been studied in this context. microRNAs (miR143, 145) regulate gene expression by binding to 3=-untranslated region and destabilizing the message or blocking its translation. C: the basic components of the contractile apparatus are depicted. Myosin binding to actin generates force and displacement. Myosin is activated by phosphorylation by myosin light chain kinase (MLCK) and deactivated by dephosphorylation by myosin light-chain phosphatase (MLCP aka myosin phosphatase or MP). MLCK activity is regulated by calcium, while MLCP is both positively and negatively regulated by a number of signaling pathways. D: smooth muscle may produce force in a tonic or phasic pattern. In the vasculature phasic force production is termed vasomotion. Abbreviations are defined in the text.
Isoforms of the 17 kDa essential myosin light chain (MYL6) are generated by alternative splicing of a 39 nt exon near the carboxy-terminus (E6) (78) . This exon is predominately included in tonic smooth muscle and skipped in phasic smooth muscle, a pattern opposite to MHC E8. The pattern of expression of fast vs. slow MLC17 isoforms is similar to that of MHC though it has not been as thoroughly investigated (78) . The MLC17 isoforms are also proposed to influence myosin ATPase activity and velocity of shortening (60, 75, 126) , though this has yet to be tested through isoform substitutions in vivo. It is also unknown as to whether there is interaction between the myosin heavy and light chain isoforms in determining contractile function.
Nonmuscle myosin heavy (MYH15) and light chains (MYL6B) are generated from different genes and also undergo alternative splicing (reviewed in Refs. 32, 102) . It has recently been suggested that these myosins may also play significant roles in force production in smooth muscle, particularly in force maintenance in tonic smooth muscle (6, 140, 156, 184) . This illustrates the danger of assuming the functional role of a protein based on its name or pattern of expression, particularly when examined in cultured or "nonmuscle" cells. Whether the nonmuscle myosins are differentially expressed in tonic vs. phasic smooth muscle and impart functional differences to these tissues has not been examined.
Differentiated smooth muscle express ␣-(ACTA2) and ␥-(ACTG1) actin isoforms, while the ␤-actin (ACTB) is the nonmuscle isoform (64, 161) . Each actin is a separate gene product. Mature fully differentiated large VSM predominantly expresses ␣-actin, while ␥-actin is more highly expressed in the visceral (phasic) smooth muscle (54) . The expression of actin isoforms throughout the vascular system has not been systematically examined, though interestingly the swine renal vein expresses a nearly equal mixture of ␣-and ␥-actin isoforms (54) . The two isoforms differ only by four residues toward the NH 2 terminus, and the evidence to date is that there is no functional difference between them (45) , leaving open the question of the significance of these isoforms.
Other Contractile Proteins
Calponin is a thin filament-associated protein with homology to striated muscle troponin. Calponin inhibits actin-activated myosin ATPase activity, but its exact role in smooth muscle contraction has yet to be defined (reviewed in Ref. 239) . Three calponin isoforms are generated from three different genes and designated h1 (basic) (CNN1), h2 (neutral) (CNN2), and h3 (acidic) (CNN3). There is some evidence for differential expression of these isoforms in smooth muscle and nonmuscle tissues. Caldesmon and tropomyosin are additional thin filament proteins whose function in smooth muscle is thought to be in regulation of calcium activation of the myofilaments though the exact mechanism is still debated. A single caldesmon gene (CALD1) gives rise to multiple isoforms through 1) alternative splicing by competing 5=-splice sites in exon 3 and 2) alternative promoters (reviewed in Ref. 198) . The resultant protein products are described as high (h) vs. low (l) molecular weight forms. The h-CaD is more highly expressed in differentiated SMCs. Two tropomyosin genes (␣,␤ ϭ TPM1,2) are expressed in SMCs (and in other cell types) and give rise to an array of gene products through alternative splicing of exons. Smooth muscle ␣-tropomyosin is produced by splicing in of exons 2b and 9d and smooth muscle ␤-tropomyosin by splicing in of exons 6b and 9a; other exons at these loci are specifically spliced in striated muscle or nonmuscle cells generating 20 -40 isoforms in birds and mammals (reviewed in Ref. 226) . It has been proposed that the different tropomyosin isoforms may have effects on the calcium sensitivity of the myofilaments (reviewed in Refs. 128, 129) . Like tropomyosin, the alternative splicing of two mutually exclusive exons of the actin binding protein ␣-actinin (ACTN1) gives rise to either a smooth muscle-specific or a nonmuscle isoform (165, 227) . Whether the expression of any of these proteins' isoforms segregates according to vessel type or smooth muscle contractile phenotype, or influences calcium activation of the myofilaments of VSM, is not known.
Contractile Regulatory Enzymes
Phosphorylation of the regulatory light chain of myosin (MLC20) activates the smooth muscle myosin ATPase activity resulting in force production. Smooth muscle force is thus predominately determined by the balance between the activities of the calcium/calmodulin-activated myosin light chain kinase (MLCK) and the myosin phosphatase (MP, also known as MLCP or myosin light-chain phosphatase), and it is on to these enzymes that signals that regulate vascular tone ultimately converge. Vasoconstrictor signals activate smooth muscle force through 1) calcium flux activating MLCK and 2) second messengers that inhibit MP, thereby sensitizing the myofilaments to calcium activation (reviewed in Ref. 91) . Vasodilators do the opposite, relaxing smooth muscle through inhibition of calcium flux and activation of MP, thereby desensitizing the myofilaments to calcium. This section reviews how regulated expression of these enzymes may influence VSM responses to vasoconstrictor and vasodilator signals.
MLCK. MYLK1 (MYLK2 is restricted to striated muscle) gives rise to three distinct primary transcripts generated from three separate promoters. The large (ϳ220 kDa) protein is termed the nonmuscle MLCK, though the negative descriptor is of limited utility and potentially misleading; for example this MLCK is expressed at high levels in embryonic smooth muscle (17, 59, 79) . The intermediate (ϳ130 kDa) protein is highly expressed in and thus termed the smooth muscle (sm) MLCK though it is also more widely expressed. The smallest product is termed telokin, a 17 kDa protein generated from a promoter within intron 28 of MLCK (90) . smMLCK, like smooth muscle myosin light-chain phosphatase (MP), is expressed at severalfold higher levels in phasic vs. tonic smooth muscles correlating with several-fold higher enzymatic activities in these tissues (69) . The higher MLCK and MLCP activities likely also contribute to the several-fold faster rates of contraction and relaxation in the phasic tissues though this has not been formally proven. Limited investigation suggests that smMLCK and smMLCP are also expressed at higher levels in the SRAs vs. large vessel smooth muscle (246) .
Of the three transcripts telokin is most highly differentially expressed in the mature animal, being much more abundant in phasic vs. tonic smooth muscle (65, 80, 240) . The expression of telokin in the vascular system has received limited investigation. One study of cats found it to be undetectable in cerebral artery (tonic) smooth muscle, consistent with prior studies (reviewed in Ref. 79) , and more abundant in small vs. large pulmonary artery smooth muscle (122) . The precise role of telokin in the regulation of smooth muscle contractility has not been defined. Telokin is phosphorylated by cGMP kinase (cGK) (104, 228) , and since cGK relaxes smooth muscle through calcium desensitization, it is presumed that this is the function of telokin. A specific molecular mechanism has not been defined; it is proposed to function through activation of MP (101) , though how this fits with telokin being a derivative of MLCK is problematic. A telokin-specific knockout mouse with preserved expression of MLCK was generated through insertion of a flox-Neo cassette disrupting the telokin promoter in intron 28 of MLCK (101) . The ileal (phasic) smooth muscle of these mice had ϳ50% reduction in sensitivity to cGMPmediated activation of MP and calcium desensitization of force production. There was no effect in the aortic (tonic) smooth muscle, consistent with the tissue-specific expression of telokin and suggesting phenotype-specific responses to cGMP, discussed further below.
MLCP. MLCP purifies as a hetero-trimeric protein composed of catalytic (PP1c), targeting (MYPT1), and 21 kDa subunits (1) (reviewed in Ref . 91) (Fig. 2) . The ϳ130 kDa MYPT1 subunit (also described as MBS) (PPP1R12A) targets PP1c to myosin and is thus critical for its activity and also functions as a regulatory subunit. The function of the 21 kDa subunit (M21) is unknown. The MYPT2 (PPP1R12B) gene is expressed in striated muscle, while a third MYPT gene (PPP1R13B) gives rise to the p85 (85 kDa) product that is ubiquitously expressed. The M21 subunit is generated from a transcriptional start site within intron 13 of MYPT2 (Ref. 5 and unpublished data).
The activity of the vascular MLCP is highly regulated. A number of constrictor signaling pathways using kinases such as PKC, Rho kinase, Zip kinase, and integrin-linked kinase inhibit MP, resulting in increased force production to activating calcium (reviewed in Ref. 91 ). These kinases may inhibit MP through phosphorylation of the regulatory MYPT1 subunit and/or the CPI-17 subunit (PPP1R14A), which derives its name as a 17 kDa PKC-potentiated inhibitor of MP (51) . Phosphorylation of CPI-17 at Thr38 activates CPI-17 1,000-fold, resulting in potent inhibition of MP activity (IC50 ϳ1 nM, reviewed in Ref. 52) . CPI-17 is expressed at ϳ10-fold higher levels in tonic smooth muscle such as the aorta compared with phasic smooth muscle such as ileum, bladder (236) , and PV (169). Given the threefold higher MP expression and activity in phasic vs. tonic smooth muscle, the stoichiometry of CPI-17 to MP is on the order of 30-fold higher in tonic vs. phasic smooth muscle correlating with greater PKC-mediated calcium sensitization of tonic smooth muscle, though the magnitude of the difference is considerably less, about threefold (236) . Our unpublished data suggest that CPI-17 is expressed at lower levels in mesenteric SRAs compared with the tonic smooth muscle of the large arteries and veins. How this may influence sensitivity to contractile agonists is not known and will require gene inactivation or mutagenesis studies in vivo, e.g., alanine substitutions of phosphorylatable residues, as performed in vitro (77) . Based on sequence similarity three homologs of CPI-17 are present in mammalian genomes (PPP1R14B-D): PHI (phosphatase inhibitor-1, 2), KEPI, and GBPI (reviewed in Ref. 52) . Whether these may function in VSM in agonist-mediated inhibition of MP and whether their expression and activity may be phenotype-dependent remains to be determined.
Isoforms of the MP regulatory subunit MYPT1 are generated by the alternative splicing of exons. Exons 13 and 14 in mammals and the immediately upstream exon 12 in birds are alternatively spliced (40, 91) . These exons are just upstream of the Thr656, which has been proposed as a Rho kinase phos- Fig. 2 . MP isoforms. A 31 nt exon near the 3= end of the gene is skipped in tonic and included in phasic smooth muscle. Skipping of the alternative exon codes for a COOH-terminal leucine zipper motif (LZϩ) that mediates the heterodimerization of cGMP kinase (cGK1␣) with MYPT1. This dimerization is proposed to be required for cGMP activation of myosin phosphatase (MP) and calcium desensitization of force production. Inclusion of the 31 nt exon in phasic smooth muscle codes for the LZϪ isoform, which does not dimerize with cGK and thus cGMP does not activate MP.
phorylation site, mediating inhibition of MP and calcium desensitization (91); whether there is differential response of the isoforms to this signal is not known. The alternative splicing of these exons is not evolutionarily conserved, is tissue-specific in birds, but is less so in mammals (40) , and the functional significance of these splice variants is neither known nor hypothesized.
MYPT1 exon 24 (of 26 total exons) is alternatively spliced in mammals and birds in a highly tissue specific and developmentally regulated fashion. Skipping of the 3= 31 nt alternative exon codes for a COOH-terminal leucine zipper motif (LZϩ). Inclusion of this exon alters the reading frame, resulting in a premature stop codon and coding for a MYPT1 subunit with a completely different COOH-terminal sequence. Based on in vitro studies the COOH-terminal LZ motif of MYPT1 and adjacent coiled-coil domain is proposed to mediate its heterodimerization with the NH 2 -terminal LZ motif of cGK1␣ (67, 191, 205) . The hetero-dimerization of cGK1 and MYPT1 is thought to be required for NO/cGMP-mediated activation of MP and desensitization of smooth muscle to calcium (100, 205) , though the precise mechanism is not established (145, 237) . In tonic smooth muscle of the large arteries and veins the 31 nt alt exon is skipped, coding for the LZϩ isoform. In contrast, in the phasic smooth muscle of the PV and intestines the 31 nt exon is included coding for the LZϪ isoform (100, 170) . The first order mesenteric resistance arteries express predominately (80%) the MYPT1 E23-included/LZϪ (fast) isoform (246) , and in general there is a direct relationship between artery size and relative expression of the MYPT1 LZϩ (slow) isoform (for example Ref. 98 ), similar to myosin isoforms, though this is incompletely characterized.
Across all smooth muscle tissues there is a good correlation between expression of MYPT1 LZϩ isoform and sensitivity to cGMP-mediated calcium desensitization, i.e., activation of MP, supporting the model as originally proposed. For example, the avian gizzard and rat PV each express exclusively the MYPT1 LZϪ isoform as part of a pure fast gene program, and in neither does cGMP cause calcium desensitization of force production, i.e., MP activation (100, 169) . That these smooth muscle tissues are completely or relatively resistant to NO/ cGMP-mediated relaxation has been known for some time (55, 173) and more recently demonstrated in vivo for the rat portal venous circulation (162) . This may depend upon how the muscle is activated, with cGMP able to reverse calcium sensitization induced by contractile agonists but not when force is activated by calcium alone (see, e.g., Refs. 19, 187), a topic that requires further investigation. Preliminary studies also support a correlation between expression of MYPT1 LZ isoforms throughout the vasculature and sensitivity to cGMPmediated calcium desensitization, with the smaller vessels that express more of the LZϪ isoform being less sensitive. This is consistent with older physiological studies showing that the role of endothelium-derived relaxing factor [nitric oxide (NO)] relative to endothelium-derived hyperpolarizing factor(s) (EDHF) in endothelium-mediated vasodilation decreases as vessel size decreases in the mesenteric, coronary, and other circulations (30, 66, 88, 106, 143, 152, 189, 192) . Even two closely related arteries, such as the superior mesenteric artery vs. its first subbranch, the MA1, show substantial differences in endothelial mediated vasodilation (88) . Whether these differences truly reflect segmental properties of the vascular system, perhaps generated by a Homeobox code, requires further study.
Further support for this concept of differential control of vascular function comes from studies of cGK1-inactivated mice, in which (ACh) endothelium-dependent relaxations were abolished in the aorta but not the cremasteric muscle arterioles (103, 172) , suggesting that the latter may be independent of NO/cGMP signaling. However, in another study leucine-toalanine mutation of cGK1␣ LZ motifs markedly reduced endothelium-dependent vasodilator responses in aorta and small cerebral (pial) arteries (138), thereby demonstrating the dependence of the endothelium-mediated vasodilatation on cGK1␣ and specifically the LZ motif. The putatively different control mechanisms could reflect differences in the strength of the signal and/or the smooth muscle response in organ and vesselspecific control of blood flow, an issue that is best explored through gene based approaches.
NO/cGMP and other signals may relax VSM through reductions in calcium sensitivity or calcium flux (114) . Interestingly in closely related smooth muscle tissues, segments of mouse intestinal smooth muscle, cGMP predominately reduces calcium sensitivity in one (jejunum) while predominately reducing calcium flux in the other (colon) (63) . The molecular basis for these differences was not defined. Phenotype-specific regulation of vascular tone through tissue-specific expression of ion channels and calcium cycling proteins, and their response to vasoactive signals, is addressed in the next section. Studies to date have predominately examined tonic contractions, and it is quite possible that the regulation of force and role of NO/cGMP signaling may be different in phasically contracting VSM, i.e., those exhibiting vasomotion (231) . Studies are conflicting as to whether NO and cGMP activate or inhibit vasomotion, i.e., force development (reviewed in Refs. 72, 150) . A recent study suggests that cGMP activates vasomotion within a defined window of agonist-induced preactivation of force in the resistance arteries (190) . The only putative vasomotion gene identified to date is bestrophin-3 (130), a cGMPdependent calcium-sensitive chloride channel, but its expression is not restricted to phasic smooth muscle. That NO and cGMP may relax tonic VSM and induce force (vasomotion) in phasic smooth muscle argues for smooth muscle phenotype as a strong determinant of NO/cGMP signaling.
Despite its discovery over 150 years ago the function of vasomotion in the regulation of blood flow remains mysterious. Modeling suggests vasomotion may enhance blood flow or tissue oxygenation (135, 178) . In the surgical literature it has been proposed that pulsatile flow provides for better organ recovery during cardiopulmonary bypass, chronic mechanical cardiac support, and organ transplantation than does nonpulsatile flow (73, 216, 219, 220) , though this remains controversial, as e.g.,. in patients with heart failure receiving left ventricular assist devices providing pulsatile vs. steady flow (reviewed in Ref. 113 ). It also must be recognized that pulsatile flow has multiple components including cardiac ejection and local vasomotion.
In summary, the patterns of expression and functional studies suggest that the activity of the MP in the tonic smooth muscle of the large arteries and veins is more highly regulated by signaling pathways than the MP in the phasic smooth muscle of the intestines, PV, and small arteries. It is proposed that this is due to tissue-specific expression of MP regulatory subunits including CPI-17 and MYPT1, while the role of tissue-specific expression of telokin is less clear. At this point these must be considered hypotheses that must be tested through genetic manipulations. How activating and inhibiting signals are integrated at the MP and the influence of tissuespecific expression of the subunits and isoforms in the context of muscle phenotype and vascular function is deserving of further investigation.
Ion Channels and Calcium Cycling
Force development in smooth muscle is a function of the calcium sensitivity of the myofilaments, reviewed above, and calcium flux. Calcium flux into SMCs is predominately through plasmalemmal L-type calcium channels (LTCCs), the target of widely used calcium channel blocking drugs. The LTCCs may open in response to membrane depolarization (voltage-dependent calcium channels), controlled by a diverse array of potassium channels and sodium and nonselective ion channels (TRPs), or in response to receptor signaling (receptoroperated calcium channels). Some calcium fluxes through smooth muscle sarcoplasmic reticulum (SR) Ip3R/RyR calcium release channels, but in stark contrast to striated muscle, there is not a simple relationship between SR calcium release and force development. SR calcium release may activate or inhibit contraction, the latter through localized calcium sparkmediated induction of spontaneous transient outward current reducing membrane excitability (149) . Ion fluxes in the control of smooth muscle tone was recently and thoroughly reviewed (212, 238) ; this review will focus on how regulated expression of the component gene products may determine vessel-specific function. To the best of my knowledge there are no data available regarding the expression of these genes in phasic vs. tonic smooth muscle and limited data on differential expression across vascular tissues.
Potassium channels and membrane potential. A diverse array of potassium channels are expressed in smooth muscle such that SMC membrane potential may be controlled by many inputs, including voltage (K v ), calcium (K Ca ), ATP (K ATP ), and inwardly rectifying (K ir ), and second messengers such as PKC, cAMP, and cGMP (reviewed in Ref. 92) .
BKCA CHANNEL. Of the three (large, intermediate, and small conducting) calcium-activated potassium channels, the large conductance channel (BKCa, also known as MaxiK) plays a dominant role in setting membrane potential, and mice in which this protein is inactivated are hypertensive (reviewed in Ref. 83a). The BKCa channel is composed of four poreforming ␣-subunits generated from a single gene (KCNMA1) and an equal number of regulatory ␤-subunits that may be generated from four different genes, with B1 (KCNMB1) predominant in VSM. One study observed less BKCa expression and activity, and a reduced ␤1:␣ subunit ratio in rat cremaster muscle arteriole compared with middle cerebral artery (244) , suggesting differing mechanisms of vascular control that is either vascular bed or vessel type specific. Isoforms of BKCa ␣-subunit are generated by alternative splicing of exons that phylogenetically tend to cluster at identical regions of the channel, while the alternative sequences are not conserved (reviewed in Ref. 61 ). Splicing of one of the mammalian 13 alternative exons, termed STREX (stress axisregulated exon) is regulated by stress and gestational hormones (242) , calcium (through Cam kinase IV) (241) , and other signals and converts the response of the channel to cAMP from stimulatory to inhibitory (215) . BKCa activity is regulated by a host of other signals including cGK and PKC, with a necessary role for LZ motifs in the COOH terminus (214), analogous to regulation of MP activity discussed above. Differential expression of BKCa splice variants has been demonstrated between neural and vascular tissues (179) but not between different vascular beds tissues or with respect to VSM phenotype. Interestingly changes in BKCa splice variants has been shown in myometrial smooth muscle in pregnancy and proposed to regulate the transition from contractile quiescence to activity (248) .
Kir CHANNELS. There are seven subfamilies of the widely expressed inward rectifying potassium channels (Kir) (reviewed in Ref. 81) . The Kir2 subfamily is predominant in VSM with multiple isoforms generated by different genes. VSM predominately or solely expresses the Kir2.1 isoform (KCNJ2), as evidenced by the hypertension and absence of Kir activity in mice in which this gene is inactivated (245) . There are no reports of Kir isoform expression in VSM that could affect function. However, increased density of inward rectifier potassium currents in the smooth muscle of the small vs. large cerebral and coronary arteries has been reported (48, 182) , consistent with the increased role of EDHF in the resistance arteries. (This pattern is opposite to that of BKCa, which predominates in the larger arteries). A recent study observed no difference in Kir 2.1 expression between rat kidney afferent and efferent arteriolar smooth muscle, yet only afferent arteriole tone appeared to be sensitive to Kir (29) , raising the possibility that the functional differences are due to differential expression of other Kir subunits or differential regulation by signaling pathways (reviewed in Ref. 163 ). The KATP channels are octomers of four Kir6.x subunits and four auxiliary subunits, the sulfonylurea receptors (SURx), the target of the diabetic sulfonylurea drugs (reviewed in Refs. 81, 163). Kir6.1 (KCNJ8)/SUR2B (ABCC9) subunits form the KATP channels in most all VSM, with possibly the exception of coronary vessels where SUR2A expression was detected (177) . SUR2a and b are splice variants with alternative splicing of exons 39 and 40 resulting in differing carboxy-terminal sequences. Germ-line inactivation of SUR2 or Kir 6.1 results in coronary artery spasm (93), consistent with higher KATP subunit expression in this vascular tissue (177), though SUR2 transgenic rescue experiments did not support this being a primary VSM defect (93) . The use of KATP channel openers (Pinacidil, Nicroandil, Diazoxide, Minoxidil) for the treatment of hypertension and nonvascular disorders (reviewed in Ref. 81 ) provides a strong argument for identification of isoform-specific expression, activity, and pharmacologic inhibition.
KV CHANNELS. The voltage-dependent potassium channels (previously termed delayed rectifiers) comprises 12 families of KCNx genes, a review of which would not be possible here (see IUPHAR compendium). There is some evidence for differential expression of Kv subunits, with evidence that Kv are more highly expressed in both the systemic (62) and pulmonic (18) resistance arteries compared with the respective conduit arteries, as is true of Kir. The Kv current is also greater in these resistance vs. conduit arteries, though the magnitude of the difference is much smaller. Overall the physiological signifi-cance of the great diversity in the KCN gene family with respect to vascular function is not appreciated.
SR and calcium cycling proteins. Phasic smooth muscle has lesser amounts (ϳ2% cell volume) of more peripherally located SR, e.g., PV and mesenteric artery and vein, compared with centrally located SR in tonic aorta (ϳ5% cell volume)-(reviewed in Ref. 238 ). The functional significance of these differences is not known, though it may be that this allows a greater amount of calcium to be released from SR stores in the tonic smooth muscle. As for most gene families, an array of isoforms of the major calcium handling proteins, including those for SR calcium release (IP3R and RyR) and uptake (SR calcium ATPase) are generated via multiple genes and alternative splicing of exons. There is some evidence for differential expression of the gene products in phasic vs. tonic smooth muscle, but the physiological significance has not been established (reviewed in Ref. 238 ) and so will not be reviewed here. Of note, the cGK target the IP3 receptor-associated gated protein (IRAG ϭ MRVI1) has not been reported to be differentially expressed across smooth muscle tissues (86) . Plasmalemmal calcium channels (L, T, and P/Q type), the targets of calcium channel blocking drugs used to treat hypertension and angina, may also be differentially expressed, particularly in renal vessels (3, 74) . The LTCC is composed of pore-forming ␣-subunit and auxiliary ␤-, ␦-, or ␥-subunits. . These isoforms are proposed to determine LTCC voltage-dependent activation and inactivation, and differential response to CCBs, in cardiac vs. VSM (26, 112, 153) . Mutations in exon 8/8a are proposed to cause Timothy syndrome, characterized by long QT syndrome and arrhythmias and autism amongst other defects (203) . There are no data directly comparing expression of these splice variants in phenotypically diverse smooth muscle.
BLOOD VESSEL DEVELOPMENT
Differentiation of the prototypical slow smooth muscle of the large arteries and veins begins as early as embryonic day (E) 10.5 in the mouse. There are regional and vessel-specific differences in both the source of smooth muscle progenitors and timing of their differentiation (reviewed in Refs. 123, 159) . Little is known regarding when or how VSM contractile phenotypic diversity is generated during the development and maturation of the vascular system. That there may be developmental VSM phenotypic transitions is suggested by organspecific changes in vascular function in the transition from the in utero to mature circulation though this has received limited investigation (4, 43, 49) . In the pig mesenteric circulation the vascular resistance increases and flow-mediated dilation/NO responses decrease in the neonatal transition from the fetal to adult circulation (146, 147, 183) . The pulmonary circulation after birth changes from a high resistance to low resistance circulation dependent upon increases in vascular relaxant responses to endothelium-dependent (ACh) and endotheliumindependent (NO donor) signals (44, 58, 76, 115) . Some of these changes may be attributed to structural remodeling that alters vascular resistance or to changes in the neurohumoral control mechanisms. Whether these may in part reflect adoption of different smooth muscle contractile phenotypes has not been investigated at least in part due to the small size of the resistance arteries prior to maturation. This limitation may be overcome with the use of large animal models, and indeed the sheep is a commonly used model, with a particular need for studies of humans. In the large arteries of rodent and birds the slow gene program is expressed from the early stages of development, with minimal expression of fast contractile protein isoforms (100, 169) . This suggests that fast-to-slow switching does not occur in the development of the large vessel smooth muscle fated to the tonic phenotype. That SMCs in vitro also express the slow gene program is also consistent with the tonic phenotype being the developmental default.
The PV as a unique and prototypical phasic smooth muscle may serve as a useful model for the study of developmental specification of the phasic smooth muscle phenotype in the vascular system given its larger size and accessibility, the only caveat being the question of the commonality of the observations. Rat portal venous smooth muscle differentiation occurs within the first 3 wk of the neonatal period, and by 5 wk of age the rat PV displays characteristic phasic contractile activity (116, 217) . In species that are more mature at birth such as cat, guinea pig, and human this process may begin prenatally but extends well into the postnatal period (31, 134) . The expression of contractile protein isoforms during this period of rat PV development is consistent with a tonic-to-phasic phenotypic transition. Between postnatal days 3 and 12 there is complete switching from the slow to fast isoforms of myosin heavy chain (MHC E8) and myosin phosphatase (MYPT1 E24) (169) . The switch to the MYPT1 E24ϩ/LZϪ/phasic isoform between postnatal days 6 and 12 correlates with a switch from complete sensitivity to cGMP-mediated relaxation to minimal relaxation (20%) of PVs contracted by KCL depolarization, supporting the model described above. It has also been reported that the neonatal PV [postnatal day (D) 3-6] is more sensitive to the calcium-sensitizing effect of contractile agonists compared with mature PV (22) . Whether this may be due to regulated expression of CPI-17 or some other component of the slow gene program requires further study.
We and others have observed the same phenotypic and functional switching in a second prototypical phasic smooth muscle, the chicken gizzard, though the timing is slightly different, occurring prior to and around the time of hatching (40, 60, 100, 157) . This suggests that switching from tonic to phasic phenotypes during developmental smooth muscle specification may be a generalized phenomenon, though more complete molecular characterization of these tissues is needed to strengthen this paradigm. There is currently no in vitro model for slow-to-fast phenotypic conversion or maintenance of phasic SMC phenotypes in vitro; such a model would expedite research in this field.
Maturational differences in the calcium sensitization and desensitization pathways, as well as calcium handling, have been reported for other smooth muscle tissues, e.g., gallbladder (24) . It has also been reported that ovine fetal cerebral arteries exhibit greater calcium sensitivity and desensitization than do the mature arteries (89, 148, 186) , though the mechanism has yet to be identified. In summary, there is evidence for slow-to-fast transitions in smooth muscle during the developmental maturation of the vascular system. It will be critical to determine if this occurs in pulmonary and regional systemic circulations, its molecular basis, and how this may affect control of vascular function and drug responses.
VASCULAR DISEASE
All mature muscle cells exhibit phenotypic plasticity to varying degrees. In the smooth muscle field this question has been dominated by the study of the proliferation of the smooth muscle of the large arteries and veins and their modulation from a contractile to a synthetic phenotype. As the large artery and vein smooth muscle expresses exclusively the tonic gene program and this appears to be the default, it would not be anticipated that there would be switching of the musclespecific contractile gene program in large vessel disease. There is induction of nonmuscle isoforms in these SMCs and preliminary evidence that these isoforms may influence smooth muscle contractile properties (156, 184) , a subject requiring further study. The migration of SMCs into the neo-intima to form an atherosclerotic plaque may be life threatening if the plaque ruptures. However, the atherosclerotic plaques in the large arteries have little effect on vascular function until very late in the disease process due to the large radius of the vessels and flow reserve in the microcirculation.
Disease Models
Microvascular dysfunction is described in a number of pathological conditions, including distal to a chronic coronary artery occlusion in humans and in animal models (87, 202, 232) and in obesity, diabetes, and hypertension (204) , all conditions also associated with large vessel disease. The dysfunction could result from a change in the signal or the VSM function and response. That there is vascular remodeling in these conditions as well as some preliminary data suggest that there may be intrinsic changes in VSM contractility in these contexts. Whether this reflects phenotypic modulation has not been examined, and in general SMCs with a phasic or intermediate contractile phenotype have been much less studied in disease models.
Flow-induced Remodeling
An elegant and robust model to examine smooth muscle phenotypic modulation in the microcirculation is that of flowinduced remodeling developed separately in the laboratories of De Mey (180) and Unthank (221) . In this model, ligation of rat second order mesenteric arteries causes chronic low flow (LF) in the upstream MA1 (ϳ10% of normal) and chronic high flow (approximate doubling) in adjacent MA1s. Importantly, because of the pre-existing mesenteric collateral arcades, there is no tissue ischemia or necrosis that may confound the effects of altered blood flow on the vessel wall. De Mey and coworkers (23, 37) identified SMC death and proliferation in the remodeling of the MA1s. Using microarrays for unbiased measurements of mRNA in this model at 1-32 days they observed several-fold reductions in smooth muscle contractile mRNA and several-fold induction of a subset of nonmuscle mRNA (233) . These data were interpreted as modulation to the nonmuscle phenotype though the limitations of this paradigm were noted in that smooth muscle genes were still substantially expressed and many nonmuscle genes were not induced. Furthermore, these MA1s exhibit functional properties typical of smooth muscle generating substantial amounts of force when activated.
We used this model to examine the question of smooth muscle contractile phenotypic modulation in the context of flow-induced vascular remodeling in the microcirculation. We observed significant and time-dependent changes in the expression of the contractile proteins and their isoforms during the 4 wk of flow dependent remodeling of the MA1 (246) . In the LF MA1 there was nearly complete loss of the fast (E24 spliced/ LZϪ) isoform of MYPT1 by 28 days. There were also significant shifts from fast to slow isoforms (splice variants) of myosin heavy and light chains. The loss of fast gene expression in the chronic LF state suggests the hypothesis that pulsatile blood flow conditions the micro-VSM to express the fast (phasic) gene program. At intermediate time points (days 1-7) there was a partial shift in the MYPT1 isoforms, from 80:20 E24ϩ to ϳ50:50 in both the high flow (HF) and LF MA1s. Whether this represents a complete switch in a subset of SMCs that have entered the cell cycle, or a partial shift in all of the SMCs, requires in situ approaches to identify the spatial distribution of the isoforms. By 28 days in the HF MA1 the MYPT1 and other isoforms had reverted to baseline expression, likely due to outward remodeling and normalization of blood flow. In this model there are changes in many aspects of gene expression, the regulation of which remains to be defined, including reduction of MYPT1 mRNA by 60 -80%, and reduction of MYPT1 protein due to activation of the ubiquitinproteasomal system, consistent with prior studies (199, 213) . There was no change in the abundance of smooth muscle ␣-actin protein, another marker of smooth muscle differentiation, underscoring the complexity of the phenotypic modulation. High-throughput studies using microarrays, deep RNA sequencing, and proteomic approaches will more completely define time-dependent changes in smooth muscle phenotype in response to altered flow.
PV
The PV as a prototypic phasic smooth muscle provides an attractive alternative tissue for the study of phasic-to-tonic phenotypic transitions in disease models. Studies several decades ago showed that PV SMCs undergo hypertrophic growth in a PV ligature model of portal hypertension (124, 125, 222) . Protein biochemical assays identified small shifts from ␣-to ␥-actin and increases in the intermediate filaments desmin and vimentin with no change in myosin isoforms. The hypertrophied PV showed a marked reduction in the frequency of spontaneous phasic contractions and reductions in maximal shortening velocity in intact tissue, all consistent with a shift away from the phasic smooth muscle phenotype. We examined this same model more recently using molecular markers of phasic vs. tonic smooth muscle. At days 1-7 after PV ligature there was a near complete switch in MYPT1 from the phasic (E24ϩ/LZϪ) to tonic (E24-/LZϩ) isoform along with a reduction in the protein subunit abundance by one-third (170) . There was similar but less robust switching in myosin heavy and light chain isoforms, all consistent with modulation toward the tonic phenotype. There was also several-fold induction of ␤-actin, a marker of the nonmuscle gene program. In this model the upstream MA1 also shifted to tonic gene expression with MYPT1 switching from 80:20 to 50:50 E24ϩ/LZϪ. By 14 days both the PV and MA1 had reverted to the control phasic program of gene expression, likely due to the outward remodeling of the arteries and formation of portsystemic shunts resulting in the abatement of the inciting stimulus, again highlighting the phenotypic plasticity of VSM.
The changes that occur in the VSM in the PV ligature and MA HF/LF models are similar, suggesting that the phasic-totonic modulation could be a universal phenomenon. The induction of the slow gene program in the hypertensive PV follows the general rule of reversion of mature muscle to the fetal gene program under a growth stimulus. Given the substantial differences between regional circulations experimentation will be required to determine if similar phenomena occur in other circulations. Loss of smooth muscle phasic contractile properties has recently been described in disease models of other tissues, e.g., in chamydial infection of the oviduct (42) and mechanical obstruction of the intestines (14, 15, 117) and bladder (2) . In the study of the oviducts the reductions in peristaltic activity were thought to be due to loss of the ICCs that may provide pacemaker activity for phasic smooth muscle tissues (reviewed in Ref. 185 ).
Vascular Function
In contrast to the well-described roles of endothelial dysfunction and neurohumoral activation in altered vasomotor tone in disease conditions, the role of the smooth muscle contractile gene program has received little investigation. The changes in gene expression in the HF/LF flow model described above generate testable hypotheses regarding microvascular function under conditions of chronic hypo-or hyperperfusion. In our studies the switch of the D28 LF MA1 to the MYPT1 LZϩ isoform/tonic gene program was associated with increased sensitivity to the NO donor SIN-1 and to the cGMP analog 8-Br-cGMP, and the dose responses were similar to that of the tonic smooth muscle of the aorta (246), as predicted from the model. Vessels were studied ex vivo under isometric conditions in a wire myograph system with preactivation of force with the ␣-adrenergic agonist phenylephrine. However, it has yet to be shown that the increased sensitivity to NO/cGMP was due to increased ability of cGMP to activate the slow/LZϩ isoform of MYPT1/MP. The LF day 28 MA1 was significantly less sensitive to phenylephrine, and whether this may be due to altered gene expression is not known. Pourageaud and De Mey (181) , using the same model, studied pressurized vessels ex vivo under isobaric conditions measuring changes in diameter rather than force. They also noted in LF MA1 altered response to ␣-agonist NE, with a decrease in maximum force but no significant difference in sensitivity and no difference in constrictor responses to AVP, suggesting a specific defect in excitation-contraction coupling in response to ␣-agonist stimulation. In contrast to our study they observed several-fold reduced sensitivity of LF D28 MA1 to the NO donor SNP after maximal AVP-induced preconstriction and modestly reduced sensitivity to acetylcholine-mediated dilation after maximal NE constriction, with no change in the maximal responses. In contrast flow-mediated dilation was modestly increased in the D28 LF MA1. Why the two studies observed opposite responses to NO donor drugs is not certain but could result from differences in 1) experimental design, e.g., study of vessels under isometric vs. isobaric conditions, 2) agonists used to activate force, 3) NO donor drugs, each of which may have effects independent of the generation of cGMP. In a different model, that of L-NAME-induced hypertension of pregnancy, we also observed in the main uterine arteries a concordant shift toward MYPT1 LZϩ isoform and increased sensitivity to NO donor and cGMP-mediated calcium desensitization indicative of MP activation (121) . Given the multiplicity of targets and complexity of NO signaling and control of vessel tone, more specific endpoints for NO/cGMP signaling must be studied to define specific molecular mechanisms that may be causative in the altered VSM sensitivity to contractile agonists/antagonists in these models.
The focus of this review on smooth muscle contractile phenotypic diversity, but there is no doubt that significant changes in gene expression or activity will fall outside of this paradigm. For example we observed induction of PDE5 after 4 days of high or low flow and proposed that this desensitizes the smooth muscle to the increased release of NO (247) . Other investigators have shown altered expression or activity of other genes in the dilator and constrictor pathways, including guanylate cyclase and RGS proteins (reviewed in Refs. 53, 235) . The interplay and cross talk between these signals, VSM phenotype, and microvascular function in disease is deserving of further study.
Collaterals
One key difference between VSM and cardiac muscle is the ability of the former to generate new tissue through the process of angiogenesis. The function and vasomotor control of the collateral vessels is substantially different from the innate vessels (see Ref. 202 , and reviewed in Ref. 47) . Whether this may in part be due to smooth muscle phenotypic differences has not been investigated. This question will be particularly important as delivery of stem cells is attempted to regenerate a normally functioning vascular supply in ischemic tissues.
INPUTS FOR SMOOTH MUSCLE DIVERSITY

Generation of Diversity
In striated muscle essentially all of the inputs, including innervation, mechanical load, and autocrine, paracrine, and endocrine signaling, may determine fast vs. slow contractile phenotype (reviewed in Ref. 12) , while this has received scant attention in the smooth muscle field (Fig. 3) .
Innervation
The innervation of smooth muscle throughout the vascular tree is highly variable. The more highly innervated vessels tend to express more of the fast gene program. Chemical sympathectomy of newborn rats with gaunethidine resulted in reduced expression of smooth muscle ␣-actin in the normally highly innervated femoral artery but not in the minimally innervated carotid artery (35) . In this study coculture of sympathetic neurons with smooth muscle and endothelial cells increased smooth muscle ␣-actin and myosin expression several-fold. This study did not examine markers of the smooth muscle sublineages. The pure phasic smooth muscle of the (rat) PV is innervated by adrenergic and cGRP-containing neurons in the neonatal period (68, 134, 155, 211) when it implements the fast gene program (169) . The phasic contractions of the rat PV are dramatically reduced by administration of 6-hydroxydopamine to the newborn, resulting in functional sympathectomy (116) . These studies support a role for innervation in controlling VSM phenotype, but further studies are needed to determine if fast vs. slow gene programs are controlled by innervation as is the case in striated muscle (188) .
Mechanical Load
The mechanical load on the blood vessel wall is a function of the interdependent variables of pressure and flow. Shear stress produced by blood flow is dissipated within the endothelial cell layer with minimal transmission to the adjacent smooth muscle. Thus it is most likely than any effect of flow (shear stress) on VSM phenotype would have to be through paracrine signaling from the endothelium, as demonstrated in large vessel remodeling (109) and discussed below. Changes in pressure are transmitted to the smooth muscle and produce wall stress and strain. Our observations on the loss of the phasic gene program in the MA1 in the absence of pulsatile flow (reviewed above) leads to a satisfying hypothesis that the pulsatile output of the heart conditions the phasic gene program in the resistance arteries, a hypothesis that is difficult to test in vivo.
An elegant series of studies by VanBavel and coworkers (9, 201) used an ex vivo system to study pressure, pressure oscillations, and flow in small vessel remodeling. They observed that exposure to oscillating pressures (1.5 Hz) suppressed the inward eutrophic remodeling that occurred in rat cremaster and coronary arterioles at 40 -100 mmHg. The remodeling was also dependent upon the presence of vasomotion. The inward remodeling was inhibited when the vessels were also exposed to flow (176), consistent with in vivo studies of vascular remodeling, and this effect was NO dependent (but see below). The inward remodeling was reversed to outward remodeling when vessels were treated with the LTCC blocker Amlodipine, consistent with a proposed role of calcium signaling in muscle hypertrophy (discussed below); however, the mechanism for the salutary effect of the calcium channel blocker in this model was not identified. It should also be noted that different flow patterns in addition to the net forward flow markedly affect acute endothelial cell signaling to the VSM, but how these signals may chronically impact the smooth muscle is not known. The specific signals that mediate high and low flow-induced changes in microVSM phenotype remain to be defined (reviewed in Ref. 37 ).
Autocrine/paracrine/endocrine Signaling
A plethora of signals are used by the endothelium to communicate with adjacent smooth muscle. Flow-induced remodeling of the large vessels requires endothelium-derived NO, while both positive and negative results were obtained in tests of its role in small vessel remodeling (reviewed in Ref. 37) . A recent in vitro coculture study suggests that flow (shear at 12 dyn/cm 2 )-mediated generation and release of prostacyclin (PGI2) by the endothelial cells activates peroxisome-proliferator-activated receptor (PPAR)-␣ or -␦ in large VSMs and induces the contractile program of gene expression (218) . Endothelial cells may also regulate smooth muscle differentiation through direct cell-to-cell contact using delta-notch signaling at least in developmental contexts (82, 83) . Other factors that may regulate VSM growth and gene expression via autocrine and/or paracrine signaling include IGF, TGF␤, PDGF, and endothelin (ET) (reviewed in Refs. 13, 38) . There are no data as to how these signals may influence VSM contractile phenotypic diversity other than one in vitro study showing that ET-1 may shift cultured embryonic SMC toward the tonic phenotype (60) . Angiotensin II is a potent endocrine or para-/ autocrine regulator of vascular function and smooth muscle hyperplastic or hypertrophic growth, but its role in determining SMC contractile tonic vs. phasic phenotype is not known. Endocrine signaling by thyroid hormone is a potent inducer of the fast phenotype in striated muscle and remains a useful model for studying both the gene regulatory mechanisms and physiological significance. A single study has shown that in guinea pigs made hyperthyroid for 12 days the fast isoform of MHC (E8 splice variant) is upregulated in both the slow aorta and fast intestinal smooth muscle; only in the latter was Vmax increased, by 20% (117) . Whether this plays any role in the hyperdynamic circulation of hyperthyroidism has not been tested. 
Transcriptional Control
Sustained elevations of calcium activates the phosphatase calcineurin causing the dephosphorylation of nuclear factor of activated T cells (NFAT), which then translocates to the nucleus to activate the slow gene program in striated muscle (12) . NFAT is also activated by calcium entry though voltage-gated calcium channels in SMCs in a process termed excitation-transcription coupling (reviewed in Refs. 10, 84, 229) . Some of the genes controlled by NFAT in SMCs have been identified but only in the context of SMC differentiation; whether sustained elevations of calcium in phasic SMC would cause NFAT-dependent activation of slow genes in phasic or intermediate-type VSM, and whether this could be blocked by LTCC-blocking drugs used to treat vascular diseases, has not been examined. Calcium may also regulate gene expression though activation of Cam kinases and its phosphorylation and activation of CREB (cAMP response element binding protein).
Whether this pathway when activated in phasic SMCs induces the slow gene program is also unknown. A second transcriptional regulatory family of considerable interest is the PPAR family and the PPAR-␥-coactivator-1 (PGC1) (46a). PPAR␦ and PGC-1 are key regulators of the metabolic gene program in the heart and skeletal muscle and mediate the downregulation of fatty acid metabolic machinery in the switch to glucose metabolism and the slow muscle phenotype. There are significant metabolic differences between phasic and tonic VSM that have not been well characterized; whether PPAR also regulates the metabolic phenotype of smooth muscle has not been investigated. PPARs are of particular interest in VSM given that prostaglandins may be PPAR ligands, the role of PGs in regulating VSM contractility and growth and the common use of cyclooxgenase inhibitors to reduce PG formation in vascular disease. It has also been proposed that PGs may induce smooth muscle differentiation through cAMP signaling and presumably activation of CREB, but not through PPAR (56) . These in vitro studies were performed in uterine smooth muscle, in relation to pregnancy, a tissue with perhaps the most dynamic changes in contractile properties in the mature organism. The uterus develops phasic contractions at the end of pregnancy, but whether this involves turning on of the fast gene program is not known. A number of other more generalized transcription control mechanisms could also regulate smooth muscle contractile phenotype, including MAPK, NF-B, and the constitutively active muscle-specific transcription factors MEF-2 and GATA4 -6 (reviewed in Ref. 160 ). Myocardin, a member of the MRTF family, as a cofactor for the serum response factor (SRF), is a particularly potent transcriptional activator of the smooth muscle gene program (118, 136, 164, 175) ; how this might affect fast vs. slow gene programs has to my knowledge not been explored.
Far less is known about the control of the fast muscle gene program. The Six1ϩ4 homeodomain proteins are necessary for the developmental activation of the fast striated muscle gene program (151) . Whether they or homologs are expressed in and play a similar role in smooth muscle is unknown.
Posttranscriptional Control
Every step of gene expression, from transcription of premRNA to the synthesis and degradation of the final protein product, is highly regulated. While for historic reasons the most progress has been made in transcriptional control, it is now clear that a vast amount of the regulation is posttranscriptional, e.g., at the level of the RNA. One of the first steps in the regulation of transcribed RNA is the splicing out of introns to form the mature mRNA. Across all vertebrate tissues a limited number of splicing factors have been identified that have restricted expression domains and may function as tissuespecific regulators of exon splicing (16, 132) . These include Nova, Tra, Fox, CELF, MBNL, Hu, STAR/GSG, and TIA proteins. Additionally, these factors themselves undergo complex regulation through the use of alternative promoters, multiple splice variants, and nonsense-mediated decay of transcripts that may also provide specificity in their expression and activity. These modes of regulation seem to be more prominent than with transcription factors though this could reflect investigational bias (see for example Ref. 95 ).
There is limited information regarding the role of these factors in the phenotypic specification of the smooth (or any) muscle lineage. The Fox family of splicing factors were first identified in the worm Caenorhabditis elegans as the feminizing on X (fox) gene product. Subsequent studies identified three vertebrate homologs (Fox 1-3) that regulate alternative splicing by binding UGCAUG motifs (reviewed in Ref. 107) . A diverse array of gene products are generated that are proposed to participate in tissue-specific splicing of exons in muscle, neuronal, and perhaps other cell types (34, 144) . Their role in tissue-specific splicing of exons in smooth muscle has not been investigated; we did find a number of UGCAUG motifs in the introns surrounding the highly tissue-specific avian MYPT1 alternative exon E12 (39) . The splicing of this exon is not evolutionarily conserved and so cannot serve as a model for control of exon splicing in mammals.
Transformer (Tra) proteins are the prototype for a master regulator of tissue-specific splicing. In Drosophila melanogaster the expression (splicing) of Tra in the female (XX) under the control of sxl (sex-lethal) is necessary and sufficient to determine all of the unique physical and behavioral characteristics of female flies (reviewed in Ref. 194) . Tra with Tra-2 and classical SR proteins as cofactors regulate exon splicing of Doublesex (Dsx) and Fruitless (Fru), transcription factors that regulate the expression of the female-and male-specific gene programs. Vertebrate homologs of Tra-2 (Tra-2␣ and Tra2␤) with ϳ80% sequence conservation have been identified, shown to regulate RNA splicing, and to be functionally equivalent to the fly Tra-2 (36, 208) (reviewed in Refs. 16, 132) . TIA proteins are named based on their original identification as T cell intracellular antigen (TIA-1) and TIA-related protein (TIA-R). They bind to U-rich sequence in RNAs and are proposed to regulate multiple aspects of RNA metabolism including exon splicing and RNA stability (reviewed in Refs. 16, 132) . We have observed that Tra2␤ is expressed at up to 10-fold higher levels in rat phasic (PV, MA1) vs. tonic (large vessel) smooth muscle (195) , while for TIA proteins it is just the opposite (196, 197) . Furthermore, the expression of TIA and Tra proteins tracks with the tonic and phasic gene programs in multiple developmental and disease models described The CELF (CUG-BP and ELAV-like factors) family of proteins (also described as Bruno-like proteins) constitute a family of six vertebrate genes that bind to RNA CUG repeats (reviewed in Ref. 11 ). Using a model gene approach, alternative splicing of cardiac TnT alt exon 5, it was proposed that CUGBP in competition with muscle-blind (MBNL) splicing suppressors may determine developmental specification of fast vs. slow cardiac muscle phenotype (85, 94, 108) . MBNL is an evolutionarily conserved family of three genes and greater than 15 protein products generated by myriads of alternative splicing events in mammals that regulate alternative splicing (reviewed in Ref. 167 ). Preliminary analyses indicate that both CUG-BP and MBNL family members are expressed in somewhat tissue-restricted patterns and in smooth muscle tissues during development (21, 96, 167) . Using a smooth-muscle specific alternative exon of ␣-actinin as a model, one group has proposed that CELF members ETR3 and CELF4 mediate the inclusion of this smooth muscle specific exon by overcoming the generalized repressive activity of the polypyrimidine tract binding protein (PTB) (71) . These factors are of particular interest because of their proposed role in the pathogenesis of myotonic dystrophy (DM1ϩ2). Sequestration of MBNL due to the expansion of CUG repeats in the DMPK 3=-untranslated region (UTR) is thought to be the mechanism for aberrant splicing of exons resulting in cardiac and skeletal muscle dystrophy (96, 158, 174) . Smooth muscle involvement is suggested by symptoms of dysphagia and abdominal pain in humans with myotonic dystrophy, and low vascular resistance in a mouse model of overexpression of the DMPK (154) . Whether CELF and MBNL family members determine smooth muscle contractile phenotype is not known. Interestingly the MBNL1 knockout mouse has increased splicing of MYPT1 E14 (46) , though the splicing of this exon does not correlate with smooth muscle contractile phenotype.
MicroRNAs
Many regulatory steps control the subsequent steps of mRNA export, turnover, and translation into protein. The discovery of small (18 -25 nt) highly conserved RNAs termed microRNAs (miRNAs) that turn off gene expression by blocking mRNA translation and/or increasing mRNA degradation has generated considerable excitement due to their therapeutic potential. The miRNAs bind to degenerate 6 nt sequence in the 3=-UTR of mRNAs, and because of this it is proposed that they will regulate expression of many genes or even entire gene programs (reviewed in Ref. 110) . In striated muscle a series of miRNAs (Ϫ208a,b; Ϫ499) generated from within the MHC loci are proposed to determine expression of fast vs. slow gene programs, and stress or hypothyroid-induced gene switching, through their suppression of transcriptional repressors of slow myofiber genes (223) (224) (225) . A role for miRNA in splicing dependent phenotypic specification is suggested by an in vitro (C2C12) model of skeletal myogenesis in which miR-133, -1, and -206 (all generated from the same precursor) block translation of the neural-specific isoform of the PTB splicing factor (20) . In smooth muscle miR-143,-145 are generated from a bicistronic transcript under the control of SRF and myocardin and regulate the expression of the smooth muscle contractile genes, with different mechanisms having been proposed (33, 50, 243) . There is no information on miRNAs control of smooth muscle fast vs. slow contractile gene program, but it is highly likely that they will play a significant role, particularly in vascular remodeling where there is substantial turnover of gene programs.
SUMMARY AND FUTURE DIRECTIONS
This review has examined smooth muscle phenotypic diversity in the vascular system in the context of phasic (fast) vs. slow (tonic) phenotypes. As a generalization the smaller arteries express components of the fast gene program that is hypothesized to be related to their phasic contractile activity termed vasomotion. In contrast the large arteries and veins express exclusively or nearly exclusively the slow gene program consistent with tonic force production. The portal venous smooth muscle is unique in the vascular system as a pure phasic smooth muscle and thus serves as an excellent model for the study of the regulated expression of the fast gene program in VSM. A number of topics in this field are ripe for further investigation:
1) The regulated expression of isoforms of the contractile regulatory machinery, including MP and kinase, and various ion channels is proposed to determine phenotype-specific response of VSM to constrictor and dilator signals. This should be tested through genetic substitution (reverse physiology) experiments.
2) To what extent do VSM phenotypic differences underlie the differences in the regulation of blood flow between the different vascular beds, i.e., pulmonary and coronary, mesenteric, cerebral, renal, and skeletal? Answering this question will require tools to isolate and characterize gene expression in small artery smooth muscle from the various organs, perhaps best done using a fluorescent marker for tonic vs. phasic phenotype. To date the mesenteric and renal small arteries have been best characterized, but still only to a limited extent. Differences between the renal afferent and efferent arteriolar, with only the former expressing fast (phasic) isoforms (reviewed above), suggests that the small vs. large artery dichotomy will turn out to be an oversimplification. Thus more extensive characterization of VSM phenotype in all vessels of all vascular beds is required. A related question is how these gene programs might impact on other aspect of vascular biology, e.g., the propensity of phasic and small VSM to undergo hypertrophic growth while the tonic VSM undergoes hyperplastic growth.
3) To what extent are the unique VSM phenotypes a function of their distinct developmental origins, i.e., neural crest, mesothelium, mesoderm, etc.? Studies to date suggest that the tonic (slow) gene program is the developmental default. Limited studies have shown that altered load or innervation will cause mature VSM with phasic properties to revert toward a tonic phenotype. However, further experimentation is required to distinguish between two hypotheses: 1) that VSM is genet-ically programmed to assume tonic vs. phasic phenotypes, perhaps dependent upon its tissue of origin, and load or innervation are required for maintenance of these phenotypes, or 2) VSM phenotype is entirely plastic and driven by innervation, load or another external signal.
4)
To what extent do the isoform shifts and VSM phenotypic modulation determine functional differences in the regulation of the immature circulation and in disease states, and how does this influence drug responses?
The advent of high-throughput tools to assay gene expression, i.e., microarrays and more recently deep RNA sequencing, makes it now feasible to completely characterize gene expression between tissues and in different contexts, e.g., see Ref. 131 . A limiting factor will be the ability to obtain sufficient quantities of pure populations of the relevant VSM cells. The unique and defined patterns of gene expression in VSM at different developmental stages and in different disease conditions will provide testable hypotheses regarding VSM function in organ-specific regulation of blood flow and drug responses in these different contexts.
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